The extraordinary genetic diversity of the HIV-1 envelope spike [Env; trimeric (gp160) 3 , cleaved to (gp120/gp41) 3 ] poses challenges for vaccine development. Envs of different clinical isolates exhibit different sensitivities to antibody-mediated neutralization. Envs of difficult-to-neutralize viruses are thought to be more stable and conformationally homogeneous trimers than those of easyto-neutralize viruses, thereby providing more effective concealment of conserved, functionally critical sites. In this study we have characterized the antigenic properties of an Env derived from one of the most neutralization-resistant HIV-1 isolates, CH120.6. Sequence variation at neutralizing epitopes does not fully account for its exceptional resistance to antibodies. The full-length, membrane-bound CH120.6 Env is indeed stable and conformationally homogeneous. Its antigenicity correlates closely with its neutralization sensitivity, and major changes in antigenicity upon CD4 engagement appear to be restricted to the coreceptor site. The CH120.6 gp140 trimer, the soluble and uncleaved ectodomain of (gp160) 3 , retains many antigenic properties of the intact Env, consistent with a conformation close to that of Env spikes on a virion, whereas its monomeric gp120 exposes many nonneutralizing or strain-specific epitopes. Thus, trimer organization and stability are important determinants not only for occluding many epitopes but also for conferring resistance to neutralization by all but a small set of antibodies. Env preparations derived from neutralization-resistant viruses may induce irrelevant antibody responses less frequently than do other Envs and may be excellent templates for developing soluble immunogens.
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HIV-1 gp160 | neutralizing antibodies | vaccine design H IV-1 envelope spike (Env), a heavily glycosylated type I membrane protein, induces strong antibody responses in infected patients (1) (2) (3) . The Env polypeptide chain, produced as a gp160 precursor that trimerizes to (gp160) 3 , undergoes cleavage by a furin-like protease into two noncovalently associated fragments: the receptor-binding fragment, gp120, and the fusion fragment, gp41 (4) . Three copies of each fragment form the mature viral spike (gp120/gp41) 3 . Sequential binding of gp120 to the primary receptor CD4 and a coreceptor induces large conformational changes and a cascade of refolding events in gp41, possibly accompanied by dissociation of gp120 (5, 6) . During the fusion process, Env has at least three distinct conformational states: a prefusion state, a fusion intermediate, and a postfusion state. The prefusion state is an ensemble of closed and open (or partly open) conformations (substates) (7) (8) (9) , and the extended intermediate probably also populates a dynamically exchanging set of conformations. This conformational plasticity creates substantial difficulties for producing stable recombinant protein that mimics the structure and antigenicity of the native HIV-1 Env on the virion surface.
Most broadly neutralizing antibodies (bnAbs) appear to recognize a closed prefusion conformation of HIV-1 Env (10-12), which therefore is considered advantageous as a candidate for a vaccine immunogen. Many Env preparations, including some on the surface of infectious virions, are unstable and conformationally heterogeneous, confounding antigenicity studies and immunogen design. Indeed, it has been suggested that HIV-1 has evolved to express a substantial amount of nonfunctional forms of Env on the virion surface, in addition to the functional trimer, as decoys to evade host immune responses (13) . Moreover, the intrinsic, strain-dependent dynamics of Env also cause exposure of a varied range of epitopes (8) . We recently reported that Envs derived from two difficult-to-neutralize HIV-1 primary isolates (92UG037.8 and C97ZA012) are antigenically homogeneous and hence conformationally restricted when expressed on cell surfaces (10) . These Env trimers adopt a conformation that exposes only bnAb epitopes and buries nonneutralizing and strainSignificance A vaccine against HIV-1 should elicit antibodies that prevent infection ("neutralize") by binding the viral envelope glycoprotein (Env). The extraordinary genetic diversity of Env means that protective antibodies must recognize one of a few broadly conserved sites ("epitopes"). The trimeric Env protein fluctuates among a range of conformations: Closed conformations expose only the conserved epitopes, whereas various open conformations expose many other, more variable epitopes. The latter dominate immune responses and restrict protection to a narrow range of viral strains. We describe here the properties of Env from an extremely neutralization-resistant HIV-1 variant. We find that it binds only antibodies that recognize conserved epitopes, consistent with a tightly closed conformation, and suggest that it might be a suitable vaccine template. specific neutralizing epitopes. Because of the conformational homogeneity of these Envs, we could evaluate the contributions of the cytoplasmic tail (CT) to the stability and antigenicity of the Env ectodomain. We found that deletion of the CT has minimal impact on the membrane-fusion function of the Env trimer but has an unexpectedly large influence on the antigenic properties of the ectodomain (10) . Moreover, to understand the physical coupling between the CT and the ectodomain, we then determined an atomic structure of the transmembrane domain (TMD) (14) . The TMD forms a well-ordered trimer. Mutations that destabilize this trimer resemble the CT deletion in influencing Env stability and altering its antibody sensitivity.
Because stable and homogenous preparations of HIV-1 Env are essential for proper analysis of its structure, function, antigenicity, and likely immunogenicity, we have analyzed the antigenic properties of various forms of an HIV-1 Env derived from an isolate, CH120.6, that is one of the most difficult-to-neutralize viruses characterized so far (15) . Consistent with our previous findings, the intact membrane-bound CH120.6 gp160 was structurally stable and antigenically homogeneous, and its antigenicity fully correlated with neutralization. Sequence analysis indicated that escape mutations at various neutralizing epitopes do not explain its exceptional resistance to antibody-mediated neutralization. When we expressed this Env as a soluble trimer of gp140, the uncleaved ectodomain of (gp160) 3 , many of its antigenic properties were similar to those of the intact, native protein. Its monomeric gp120 bound many nonneutralizing or strain-specific neutralizing antibodies, as expected. These data suggest that Envs derived from difficult-to-neutralize strains adopt a very narrow range of prefusion conformations, with only broadly neutralizing epitopes accessible. When properly produced, they may be less likely than other forms of Env to induce nonneutralizing or strain-specific antibodies and thus may be excellent templates for Env-based immunogen design.
Results
Neutralization of the HIV-1 Isolate CH120.6. CH120.6 Env is a chronic circulating recombinant form (CRF) 07_BC gp160 clone isolated from transmissions of i.v. drug use in China (16) . It is a tier 3 virus with exceptional resistance to antibody-mediated neutralization when tested against pools of diverse HIV + plasma samples, polyclonal HIV Ig (HIVIG) derived from HIV antibody-positive donors, and several monoclonal antibodies (15) . To obtain a complete antigenic picture of this isolate, we analyzed antibody-mediated inhibition of viral infectivity in a pseudovirus-based neutralization assay using a panel of nonneutralizing antibodies, strain-specific neutralizing antibodies, and various bnAbs (see Table S1 for references). As summarized in Table 1 , the CH120.6 virus was resistant to all nonneutralizing and strain-specific neutralizing antibodies, regardless of the location of their epitopes. Several bnAbs, including VRC01, NIH45-46, 12A12, PG9, PG16, PGT128, 4E10, and 10E8, did neutralize the virus, but at much higher effective concentrations than required for most other HIV-1 isolates (Table S2 ). More potent neutralization was observed for two other bnAbs, PGT145 (IC 50 : 0.75 μg/mL for Fab and 0.24 for IgG) and 10-1074 (IC 50 : 0.27 for Fab and 0.50 for IgG). These results indicate that CH120.6 Env imparts resistance not only to nonneutralizing and strain-specific neutralizing antibodies but also, to some extent, to many bnAbs with great potency against other HIV-1 strains.
To address whether the extraordinary resistance of CH120.6 Env has resulted from escape mutations at various neutralizing epitopes, we compared its sequence with those of other HIV-1 isolates. Based on an analysis of 50 bnAbs, we first defined mutational patterns that are statistically associated with resistance and sensitivity, using phylogenetically corrected methods (17) , for four classes of bnAbs: the CD4 binding site; a trimer-specific, glycan-dependent V1V2 region; an N332-glycan-dependent V3 region; and the membrane proximal external region (MPER). The CH120.6 sequence retained key epitope-defining patterns of specific amino acid residues and N-linked glycosylation sites in these bnAb epitopes (18) (19) (20) . We then used these signature patterns to predict the relative sensitivity of CH120.6 to the different antibodies shown in Table S2 using the machine-learning strategy Random Forests (21) implemented in the Python package scikitlearn (22) . The measured values were 2.6-to 124-fold higher (i.e., less potent neutralization) than the predicted ones, except for antibodies NIH45-46, PG9, and PGT145, for which the measurements gave essentially the predicted values. These data suggest that the antibody resistance of CH120.6 cannot be fully explained by local escape mutations at these neutralizing epitopes. The glycan shield of the CH120.6 Env appeared to be no different from those of most the other M-group Envs (Fig. S1) . Thus, CH120.6 Env is exceptionally resistant to antibody-mediated neutralization, but sequence variations or differences in glycosylation at or near the neutralizing epitopes do not appear to explain the observed antibody resistance.
Antigenic Properties of the Native CH120.6 Env Expressed on Cell Surfaces. To test whether the neutralization profile of the CH120.6 virus correlates with the antigenic properties of CH120.6 Env, we generated 293T cell lines stably transfected with the CH120.6 gp160 (Fig. S2A ). These cells expressed functional CH120.6 Env on their surface, as judged by efficient fusion with TZM.bl cells (23) . The observed cell-cell fusion was sensitive to the known fusion inhibitor T20 (24), as expected. Approximately 50% of gp160s were cleaved into gp120 and gp41 both inside the cells and on the cell surface (Fig. S2B) . We analyzed by flow cytometry the antibody-binding properties of the CH120.6 Env on the cell surface in the presence or absence of soluble CD4 (10) . As shown in Fig. 1 , soluble CD4 had no effect on binding by antibody 2G12, which targets a glycan epitope on the well-exposed surface of gp120, showing that CD4 binding had not induced gp120 dissociation. Three CD4 binding site (CD4bs) bnAbs, VRC01, 12A12, and NIH45-46, bound at only low levels to the cell-surface CH120.6 Env when CD4 was absent, as is consistent with their weak neutralizing potency for this virus (Fig. 1, Fig. S3 , and Table 1 ). The nonneutralizing CD4bs antibody DH583 did not bind at all to the Env, suggesting that this epitope is occluded on both the cleaved, functional trimer (gp120/gp41) 3 and the uncleaved, nonfusogenic trimer (gp160) 3 . The binding of nonneutralizing CD4-induced (CD4i) antibodies 17b and 412d depended strictly on CD4 engagement ( Fig. 1 and Fig. S3 ). The trimer-specific bnAbs PG9, PG16, and PGT145 bound the CH120.6 Env trimer when CD4 was absent, but they also showed detectable binding when CD4 was present ( Fig. 1 and Fig. S3 ), differing in that respect from what we have found for the 92UG037.8 and C97ZA012 Envs (compare, for example, the right-most panel in row 2 of Fig. 1 , for PGT145, with the panel for PGT145 in figure  S5A of ref. 10). Another two bnAbs, 10-1074 and PGT128, which recognize the N332 glycan-dependent epitopes in the V3 stem, also bound almost equally well to both the native, unliganded Env and the CD4-bound form (compare the 10-1074 and PGT128 panels in Fig. 1 and Fig. S3 with those in figure S5 A and B of ref.
10). Thus, CD4 binding appears to have a much smaller impact on these bnAb epitopes of the CH120.6 Env than it does on those of the 92UG037.8 and C97ZA012 Envs (10).
Other nonneutralizing epitopes, including V3 loop (3791 and 447-52D), V2 (2158), gp41 cluster I epitopes 246-D and 240-D, and the gp41 cluster II epitope 1281, were not exposed on the native CH120.6 Env trimer, as expected ( Fig. 1 and Fig. S3 ). As we have found for the 92UG037.8 and C97ZA012 Envs, occlusion of these nonneutralizing epitopes is independent of the cleavage between gp120 and gp41, because the Env on the cell surfaces is a 50:50 mixture of uncleaved and cleaved Env (Fig. S2) . Upon CD4 binding, the nonneutralizing epitopes in V3 became fully accessible, but the cluster I epitopes and those in the V2 loop did not. The MPER-directed bnAbs 10E8 and 4E10 did not bind the native Env trimer, because they target a fusion-intermediate conformation of gp41 (25, 26) . Another bnAb, PGT151, which binds at the gp120-gp41 interface, neutralized only very weakly with a maximum percent inhibition (MPI) of 45%; it bound at detectable levels to the CH120.6 Env trimer with or without CD4 (Fig. S3) . Although high temperatures (37 or 42°C) reduced the level of bound CD4 and diminished CD4i changes in antigenicity (except for increased exposure of the cluster I epitopes upon CD4 binding), they had little impact on the antigenicity of the unliganded Env (Fig. S4) . Overall, the antigenicity of the native CH120.6 Env expressed on cell surfaces correlates closely with antibody neutralization, but CD4 engagement appears to induce localized antigenic changes near the V3 tip and the CD4i epitopes, which form the coreceptor binding site, rather than a global "opening-up" of the trimer, as observed for the two tier 2 Envs (92UG037.8 and C97ZA012). These comparisons suggest that the CH120.6 Env adopts an even narrower range of prefusion conformations than do many other difficult-to-neutralize viruses (10) .
Antigenic Properties of Soluble Forms of the CH120.6 Env. We further asked whether any of the soluble forms of the CH120.6 Env can mimic the antigenic properties of the membrane-bound native trimer. We expressed and purified from Expi293F cells the trimeric Fig. 1 . Antigenic characteristics of the CH120.6 Env trimer expressed on cell surfaces. Plots of antibody binding to the Env trimer on the CH120.6 gp160 cell surfaces in the absence (red) or presence (blue) of soluble CD4. The fluorescent signal for bound CD4 is shown in the presence (cyan) or absence (orange) of CD4. Antibody binding to Env was detected by R-phycoerythrin and plotted against the y axis on the left; CD4 binding was detected by FITC and plotted against the y axis on the right. Antibodies and their epitopes are indicated. Unless specified, all antibodies used are Fab fragments. Extensive control experiments were carried out to ensure the binding specificity and the experiments were repeated at least twice with almost identical results. MFI, mean fluorescence intensity.
gp140 of CH120.6 fused with a foldon trimerization tag (27) as well as its monomeric gp120 (Fig. S5) . These proteins eluted as single sharp peaks from a size-exclusion column, and Coomassie blue-stained SDS/PAGE showed little if any contamination with other proteins (Fig. S6, Insets) . The gp140 protein migrated as a trimer under nonreducing and nonboiling conditions. As expected, surface plasmon resonance (SPR) binding experiments showed that the gp140 trimer and the gp120 monomer both bound soluble CD4 very tightly (Figs. S7 and S8) .
We then used SPR to assess the reactivity of various antibodies to both gp140 and gp120 from CH120.6 in either the absence or presence of soluble CD4. The results in Fig. 2 show that the antigenic properties of the CH120.6 gp140 trimer resemble those of cell surface-expressed Env. The unliganded gp140 bound bnAbs, such as VRC01, NIH45-46, 12A12, 10-1074, PGT128, and PGT151, but failed to bind nonneutralizing antibodies, such as DH583, 17b, 412d, 2158, 240-D, 246-D, and 1281. CD4 binding exposed the epitopes for the CD4i antibodies 17b and 412d, indicating that CH120.6 gp140 undergoes the expected conformational changes. We used CH120.6 gp41-inter, a construct designed to capture the prehairpin-intermediate conformation of gp41 (26), as a positive control for all antigp41 antibodies. Our uncleaved CH120.6 gp140 trimer bound strongly with PGT151 (Fig. S7) , which has been previously reported to be specific for cleaved Env trimers (28) .
There were two sets of differences between the antigenic properties of the CH120.6 gp140 and those of the intact, cell surface-borne molecule. First, all three trimer-specific bnAbs, PG9, PG16, and PGT145, failed to bind the gp140 (Fig. 2 and Fig. S6 ), suggesting that the V1V2 loop in this gp140 construct has shifted away from its position and conformation on intact cell-surface Env. Second, the nonneutralizing V3 epitope recognized by 3791 was partially exposed in the unliganded gp140 but was fully exposed when CD4 was bound. These results suggest that the CH120.6 gp140 trimer stabilized by an artificial trimerization tag foldon has an antigenic profile different from that of the corresponding intact Env on the cell surface but similar to that of the cell-surface Env with a truncated or deleted cytoplasmic tail, just as we reported for the 92UG037.8 and C97ZA012 Envs (10) .
The unliganded, monomeric CH120.6 gp120, which lacks structural constraints of the Env trimer organization, bound all the anti-gp120 antibodies, including nonneutralizing ones such as DH583 (CD4bs), 17b (CD4i), 2158 (V2), and 3791 (V3). As expected, it failed to bind the trimer-dependent bnAbs PG9, PG16, and PGT145 (Fig. S8) . We also found that the epitope of 3791 near the tip of V3 loop was not fully exposed until CD4 bound, suggesting that the CH120.6 gp120 is intrinsically less dynamic than the 92UG037.8 gp120, which binds 3791 as well when CD4 is bound as when it is not (29) . Fig. 2 . Interactions of the CH120.6 gp140 with monoclonal antibodies. Envelope proteins or their purified complexes with two-domain CD4 were captured on the surface of a sensor chip coated with an anti-histidine antibody to avoid potential artifacts introduced by protein immobilization. Fab fragments of each antibody at various concentrations were passed over the envelope trimer surface individually without regeneration for single-cycle kinetic (SCK) analysis. The recorded sensorgram for gp140 is in red, for the gp140-CD4 complex in blue, and for gp41-inter in green; the fitted curves are in gray. Sensorgrams were fit using a 1:1 binding model; binding constructs are summarized in Tables S3 and S4 .
Discussion
An effective HIV-1 vaccine must protect against viruses with an extraordinary genetic diversity in their envelope spike. Sequence differences in HIV-1 Env lead to large variations in their sensitivity to antibody-mediated neutralization among different viral isolates. According to the conventional classification, the viruses designated as "tier 1" (including laboratory-adapted strains) are particularly neutralization sensitive; tier 2 viruses are substantially more resistant; and tier 3 viruses are even harder to neutralize (30) .
Our characterization of the tier 3 Env from the HIV-1 isolate CH120.6, which exhibits exceptional resistance to antibodymediated neutralization (15) , our earlier studies of tier 2 Envs, and work from other laboratories on the dynamics of Env trimers (8) and on structures of different Env conformers (9) together suggest the schematic representation in Fig. 3 . Tier 3 Envs, such as CH120.6 described here, spend nearly all the time in a relatively narrow range of closed conformations; the tier 1 Envs of many laboratory-adapted strains spend a much larger fraction of the time in open conformations, with a relatively low barrier to complete dissociation of gp120 if the processing cleavage has occurred. Tier 2 Envs represent an intermediate case; they visit open conformations but with much lower frequency than tier 1 Envs and with no detectable tendency to shed gp120. Indeed, the Env of the HIV-1 NL4-3 laboratory-adapted strain has been shown to occupy the CD4-triggered conformation more frequently than does the Env of the tier 2 primary isolate, HIV-1 JR-FL , explaining the increased sensitivity of the former to 17b neutralization (8).
As Fig. 3 illustrates, mutations that affect the strength of intersubunit contacts in an Env trimer may change its sensitivity to particular classes of antibodies. Indeed, primary (tier 2 and tier 3) and laboratory-adapted (tier 1) simian/human immunodeficiency virus (SHIV) or HIV-1 isolates can interconvert during in vitro and in vivo passages (30, 31) , suggesting that all viruses, regardless of their genetic background, can become neutralization resistant under immune pressure in infected individuals. Because HIV-1 transmission has no preference for easily neutralized viruses (31, 32) , any successful vaccine must be effective against even very difficult-to-neutralize variants. In this context, our antigenic analysis of the exceptionally neutralizationresistant CH120.6 Env leads to three broad conclusions relevant to Env-based immunogen design.
First, the antigenicity of full-length, native CH120.6 Env correlates closely with its neutralization profile. Flow cytometry did not show any irrelevant cell-surface forms of Env, which would have shown high-affinity binding to various nonneutralizing antibodies. The absence of binding of the CH120.6 Env to antigp41 cluster I and II antibodies and equivalent binding to 2G12 with and without CD4 show that there is no significant spontaneous or CD4-induced gp120 shedding, unlike Envs from many other HIV-1 isolates (33) . Stability of this kind is an important criterion for a vaccine candidate. These properties are independent of the cleavage between gp120 and gp41, because the surface-expressed CH120.6 Env is a roughly 50:50 mixture of cleaved and uncleaved Env. Our data thus indicate that the CH120.6 Env, whether cleaved or uncleaved, samples a narrow range of conformations that expose only the bnAb epitopes, but none of the nonneutralizing or strain-specific neutralizing epitopes, even at physiological temperature or higher. It appears to be an excellent starting point for producing Env immunogens that mimic the native prefusion conformation.
Second, we find that the extraordinary resistance of CH120.6 Env cannot be explained simply by escape mutations at various neutralizing epitopes, because measured IC 50 values for most neutralizing antibodies are much greater than those predicted from sequence analysis (Table S2 ). These data suggest that the stability of the trimer is an important determinant of antibody resistance. The effect of CD4 binding on the antigenicity of CH120.6 Env is confined to the coreceptor binding site, including the CD4i epitopes and the V3 loop. CD4 binding to tier 2 Envs such as 92UG037.8 disrupts the trimer-specific quaternary epitopes recognized by PG16 or PG145 (34), but CD4 binding to CH120.6 Env led only to reduced, but clearly detectable, binding to those antibodies. Moreover, CD4 binding did not induce exposure of the gp41 cluster I epitopes or of nonneutralizing V2 epitopes on CH120.6 Env, unlike its effect on 92UG037.8 Env (10). These observations suggest that CD4 binding does not, in the case of CH120.6, produce a fully open trimer, which would not bind PG9 or PG145 at all and which would expose cluster I epitopes and nonneutralizing sites on V2.
Third, vaccine development requires the production of a recombinant, prefusion Env in quantities suitable for clinical trials. Two such preparations-a soluble Env trimer, known as "SOSIP.664," stabilized by several modifications (12, 35) , and a detergent-solubilized clade B Env with the CT deleted (JR-FL EnvΔCT) (36)-appear to present substantial technical barriers to large-scale, clinical-grade production (37, 38) . Purification of full-length, membrane-bound CH120.6 Env in large quantities will be difficult also. We therefore have expressed and characterized its soluble forms, including a foldon-stabilized gp140 trimer and monomeric gp120. Although gp120 exposes many nonneutralizing epitopes, as expected, the CH120.6 gp140 trimer is stable and conformationally homogenous, but it does not bind trimer-specific bnAbs such as PG16 or PGT145 and has detectable affinity for the nonneutralizing, V3-directed antibody 3791, even in the absence of CD4. Thus, like many other soluble Env preparations (12, 29) , it does not fully recapitulate the antigenic structure of virion-borne Env. Our recent observation that the TMD of HIV-1 Env is a structural component critical for the stability of the functional Env spike provides a plausible explanation for why the antigenic properties of most recombinant, soluble Env preparations with the TMD deleted deviate from those of the native protein (14, 39) . We therefore must take the structural constraints imposed by the TMD on the ectodomain into consideration when designing a soluble immunogen, e.g., by mutating surface-exposed, lipid-interacting hydrophobic residues on the TMD while maintaining the trimeric structure seen in the high-resolution structure (14, 40) .
Materials and Methods
HIV-1 envelope proteins and soluble CD4 were produced in 293T cells following protocols described previously (29) . Monoclonal antibody IgGs or Fab fragments were expressed in 293T cells by transient transfection, by using selected stably transfected clones, or from hybridomas. The antibodies were purified by affinity chromatography using GammaBind-plus resin (GE Healthcare), followed by gel-filtration chromatography. Fab preparations by papain digestion were carried out as described (41) . SPR binding assays, immunoprecipitation, and Western blot, flow cytometry, and antibody neutralization assays were carried out following the detailed protocols published previously (10) and as described in SI Materials and Methods. We used a trimeric Env crystal structure of a subtype G Env, X1193 [Protein Data Bank (PDB) ID code 5FYJ] (42), to visualize Env glycan shields. Potential N-linked glycosylation sites (PNGs) were mapped on the crystal structure, assuming that the protein surface within a radius of 10 Å from Cα of the PNG asparagine was shielded by the glycan. Additional details are described in SI Materials and Methods.
